It is also known that CNP and BNP have important anti-proliferative effects in cardiac fibroblasts that appear to involve NPR-C. In the mammalian resistance vessels, including mesenteric and coronary arteries, CNP has been found to function as an NPR-C-dependent endothelium-derived hyperpolarizing factor that regulates local blood flow and systemic blood pressure by hyperpolarizing smooth muscle cells. In this review we highlight the role of NPR-C in mediating these NP effects in myocytes and fibroblasts from the heart as well as in vascular smooth muscle cells.
The hallmark discovery of atrial natriuretic peptide (ANP) by de Bold and colleagues (de Bold et al. 1981; Flynn et al. 1983 ) has led to an entire new field of study of a group of related peptide hormones that are now known to have widespread effects in all vertebrates including humans. In addition to ANP, the NP family includes brain natriuretic peptide (BNP) (Sudoh et al. 1988) , C-type natriuretic peptide (CNP) (Sudoh et al. 1990) , Dendroaspis natriuretic peptide (Schweitz et al. 1992; Schirger et al. 1999) and urodilatin (an alternate splice variant of pro-ANP) (Schulz-Knappe et al. 1988) . New members of the NP family continue to be discovered. For example, a recent report describes three novel natriuretic-like peptides from the venom of the Australian inland taipan (Oxyuranus microlepidotus). These have been denoted TNP-a, b and c (Fry et al. 2005) .
Although best known for the important role they play in the regulation of blood pressure and cardiovascular homeostasis (Levin et al. 1998; D'Souza et al. 2004; Kuhn, 2004) , NPs also affect many different tissues in a wide variety of organ systems. In addition to their ability to modulate blood volume and blood pressure through their effects on the kidney and the vasculature, NPs affect the electrophysiology of the heart (Rose et al. 2003 (Rose et al. , 2004 and central nervous system (Trachte et al. 1995 (Trachte et al. , 2003 Rose et al. 2005) as well as muscular contraction in the gastrointestinal system (Murthy et al. 1998 (Murthy et al. , 2000 . The formation and maintenance of bone and musculoskeletal structures are also influenced by NPs (Matsukawa et al. 1999; Pejchalova et al. 2007) .
NPs exert their biological effects by binding to three distinct cell surface receptors denoted NP receptors A, B and C (NPR-A, NPR-B and NPR-C) (Nakao et al. 1992; Levin et al. 1998) . NPR-A and NPR-B mediate their cellular effects by altering intracellular cGMP levels following activation of a particulate guanylyl cyclase domain on the cytoplasmic side of these receptors. NPR-A primarily binds ANP and BNP, while NPR-B preferentially binds CNP (Lucas et al. 2000; Potter et al. 2006) .
In contrast, NPR-C does not contain a guanylyl cyclase domain and has no direct effect on cGMP levels. NPR-C is known to bind ANP, BNP and CNP with similar affinity (Anand-Srivastava & Trachte, 1993) . Furthermore, the affinity of NPR-C for the NPs is similar to the guanylyl cyclase-linked NPR-A and NPR-B receptors, suggesting that one class of receptor would not dominate the others on the basis of affinity for the peptides (Maack et al. 1987; Levin, 1993) . Maack and colleagues demonstrated that the ring-deleted ANP analogue, cANF 4-23 (cANF), can compete for the vast majority of ANP binding sites in the isolated perfused rat kidney without altering guanylyl cyclase activity (Maack et al. 1987) . In this study the specific binding of radiolabelled ANP was almost completely inhibited by cANF (10 −7 m) demonstrating that cANF can occupy up to 99% of ANP binding sites. Despite its inability to stimulate guanylyl cyclase activity, cANF significantly increased sodium excretion and decreased blood pressure in conscious rats. These effects were attributed to a significant increase in plasma ANP levels in the presence of cANF (Maack et al. 1987) . It was further concluded that the ability of ANP to bind NPR-C was occluded by cANF and that the majority of renal ANP receptors were 'silent' . This appears to be the basis for the classification of NPR-C as a 'clearance receptor' . Accordingly, it was suggested that the main function of NPR-C is to remove NPs from the circulation, thereby buffering the levels of NP available to alter guanylyl cyclase activity and intracellular cGMP levels via NPR-A and NPR-B. This hypothesis received further support from data derived from a transgenic mouse model in which NPR-C was genetically ablated (Matsukawa et al. 1999) . These experiments showed that the half-life of radiolabelled ANP in the circulation of homozygote mice lacking NPR-C was 66% longer than in wild-type animals and it was concluded that NPR-C functioned mainly as a modulator of NP availability at target organs.
Although NPR-C is still commonly referred to as a clearance receptor, there now exists a wealth of experimental evidence that indicates NPR-C is coupled to an inhibitory heterotrimeric G protein, G i . Both the α and βγ subunits of this G i protein mediate a number of important physiological effects. The NPR-C receptor subtype is widely distributed in many tissues and cell types including cardiac myocytes and fibroblasts, vascular smooth muscle cells, platelets, gastrointestinal smooth muscle, cerebral cortex, brain striatum, hypothalamus, adrenal glands, zona glomerulosa, bone and chondrocytes. (Anand-Srivastava & Trachte, 1993; Anand-Srivastava, 2005) .The main purpose of this review is to summarize the biological actions of NPs that are mediated specifically by NPR-C in the heart and vasculature.
The NPR-C receptor: crystal structure NPR-C receptors are disulphide-linked homodimers of a single transmembrane 64-66 kDa protein. NPR-C has an extracellular domain of about 440 amino acids and a short 37 amino acid cytoplasmic domain or tail (Fuller et al. 1988; Anand-Srivastava et al. 1996) . Initially, the crystal structure of the extracellular portion of both the unliganded NPR-C receptor and the CNP-bound NPR-C receptor were determined (He et al. 2001) . The unliganded structure has been studied at 2.9 A a resolution. Each monomer is dumbbell-shaped, with each domain possessing an αβ fold made up of a β sheet surrounded by α helices. The NH 2 and COOH termini are connected by three short peptides, which form a hinge at an angle of approximately 120 deg. This hinge creates a cleft between these two domains, and this motif is the ligand-binding site.
Crystallization of the CNP-NPR-C complex (at 2 A a resolution) revealed that a single CNP molecule can bind to the centre of the symmetrical dimeric receptors (Fig. 1) What is unique about NPR-C is that NPs appear to interact with two non-identical hormone interaction sites on this receptor subtype. The determination of the crystal structure of NPR-C has shown that a single chloride ion is bound in the membrane distal domain of NPR-C, which is thought to be necessary for receptor activity (He et al. 2001 (He et al. , 2006 . Very recently, the structure of the extracellular portion of NPR-C, when bound to ANP and BNP, has been determined and shown to be similar to the NPR-C-CNP complex described above (He et al. 2006) (Fig. 1 ). In addition to their well-characterized effects on guanylyl cyclase activity and cGMP signalling via NPR-A and NPR-B (Potter et al. 2006) , there is substantial evidence that NPs can also inhibit adenylyl cyclase and its downstream signalling molecules via the activation of NPR-C. Anand-Srivastava and Cantin studied the effect of ANP on adenylyl cyclase activity in cultured atrial and ventricular myocytes from the neonatal rat heart (Anand-Srivastava & Cantin, 1986) . In this study ANP significantly inhibited adenylyl cyclase in a concentration-dependent matter. Furthermore, ANP was shown to significantly inhibit the stimulatory effects of several activators of adenylyl cyclase, including isoproterenol and forskolin. As expected from an inhibitory effect on adenylyl cyclase, ANP application decreased intracellular cAMP levels in these neonatal cardiomyocytes.
More detailed studies of the mechanism through which ANP inhibits adenylyl cyclase activity have demonstrated the essential involvement of the inhibitory guanine nucleotide regulatory protein (G i ) family. The role of a G i protein in the inhibition of adenylyl cyclase in rat aorta was confirmed by pretreatment with pertussis toxin (PT), a manoeuvre which antagonizes the GTP-dependent and receptor-mediated inhibition of adenylyl cyclase via the ADP ribosylation of the G i protein (Katada & Ui, 1982; Katada et al. 1986) . PT treatment strongly attenuated the ANP-mediated inhibition of adenylyl cyclase activity in rat aorta at all ANP concentrations tested and also abolished the inhibitory effect of ANP on isoproterenol and forskolin-stimulated adenylyl cyclase activity (Anand-Srivastava et al. 1987) . These results now provide a firm basis for the hypothesis that some ANP receptors are coupled to adenylyl cyclase through a G i protein.
Attempts to define the role of NPR-C in mediating an inhibition of adenylyl cyclase have been aided by the use of cANF as a selective NPR-C agonist (Maack et al. 1987) . The effects of cANF have been studied in rat aorta, brain striatum, anterior pituitary and adrenal cortical membrane preparations where it was found to mimic the inhibition of adenylyl cyclase by ANP. Maximum inhibition was 50-60% with an apparent K i of 0.1-1 nm (Anand-Srivastava et al. 1990) . When cAMP and cGMP J Physiol 586.2 production were assayed in cultured vascular smooth muscle cells from the rat aorta it was found that ANP decreased cAMP levels and increased cGMP levels whereas cANF decreased cAMP levels but had no effect on cGMP levels. This pattern of results can be explained by the ability of ANP to bind to both NPR-A and NPR-C (and therefore activate guanylyl cyclase and inhibit adenylyl cyclase, respectively) whereas cANF only binds to NPR-C (and therefore only inhibits adenylyl cyclase). Applying cANF and ANP in combination caused the same amount of inhibition of adenylyl cyclase as either peptide alone. Moreover, the inhibitory effect of cANF on adenylyl cyclase was abolished by PT treatment, confirming a role for G i in the inhibition of adenylyl cyclase (Anand-Srivastava et al. 1990) . It is now accepted that cANF is a specific and selective agonist of NPR-C.
The NPR-C receptor is not a traditional G proteincoupled receptor in that it is not a 'serpentine' or 'heptahelical' receptor with seven transmembranespanning domains as is the case for the majority of receptors coupled to inhibitory and stimulatory G proteins (Birnbaumer et al. 1990; Birnbaumer, 1992) . Nevertheless, it is clear that NPs can inhibit adenylyl cyclase following the activation of a pertussis toxin-sensitive G protein. Important features of the mechanism by which this interaction occurs have now been established. The cytoplasmic domain of NPR-C is thought to be responsible for the inhibition of adenylyl cyclase by ANP (Anand-Srivastava et al. 1996) . In experiments performed using rat heart tissue, a polyclonal antibody raised against the 37 amino acid intracellular portion of NPR-C blocked the ANP-dependent inhibition of adenylyl cyclase. This finding was extended further by synthesizing a synthetic peptide corresponding to the 37 amino acids of the free cytoplasmic domain of NPR-C, and evaluating its effect on adenylyl cyclase activity (Anand-Srivastava et al. 1996) . This synthetic peptide inhibited adenylyl cyclase activity in the rat heart by 35-45% with a K i of approximately 1 nm. In contrast, a scrambled peptide control had no effect on adenylyl cyclase activity. The effect of this synthetic 37 amino acid peptide was dependent on the presence of guanine nucleotides and was antagonized by pertussis toxin, thus it was concluded that the cytoplasmic domain of NPR-C is able to directly activate G i .
Examination of the cytoplasmic domain of NPR-C in search of the epitope responsible for the inhibition of adenylyl cyclase revealed the presence of G i activator sequences (Murthy & Makhlouf, 1999; Pagano & Anand-Srivastava, 2001 ). G i activator sequences were first described for the insulin-like growth factor receptor. These moieties are characterized by the presence of two NH 2 -terminal basic residues and a COOH-terminal BBXXB motif, where B and X are basic and non-basic residues, respectively (Okamoto et al. 1990) . These G i activator sequences have been identified in several single transmembrane domain receptors, including NPR-C (Okamoto & Nishimoto, 1992; Patel, 2004) .
The cytoplasmic domain of NPR-C consists of the following 37 amino acids:
1 RKKYRITIERRNHQEESNI-GKHRELREDSIRSHFSVA 37 (single-letter amino acid abbreviations). Four regions within these 37 amino acids have been identified that exhibit similarities to the G i activator sequence identified in the insulin-like growth factor receptor (Pagano & Anand-Srivastava, 2001 ). These four regions have been synthesized as short peptides and each can significantly inhibit adenylyl cyclase activity in rat heart and vascular smooth muscle cells. Neither scrambled versions of the peptides nor other short synthetic peptides lacking a full G i activator sequence had any effect on adenylyl cyclase levels. The inhibition of adenylyl cyclase by these G i activator peptides is comparable to that induced by both ANP and the NPR-C-selective agonist cANF and is strongly antagonized by pretreatment with PT (Pagano & Anand-Srivastava, 2001 ). Collectively, these findings demonstrate that the 37 amino acid cytoplasmic domain of NPR-C contains functional G i -activator sequences that are able to inhibit adenylyl cyclase activity through a PT-sensitive G i protein.
In addition to the inhibitory effect on adenylyl cyclase, the G i proteins activated by the NPR-C receptor can also activate the β isoform of phospholipase C (PLCβ) (Pagano & Anand-Srivastava, 2001 ). Whereas the effect on adenylyl cyclase is mediated by the α subunit of the G i protein, the activation of PLCβ is mediated by the βγ subunits of the same G i protein (Murthy & Makhlouf, 1999) . The βγ subunits of other G proteins are known to activate PLCβ in a similar fashion (Katz et al. 1992; Barr et al. 2000) .
Most recently, a 17 amino acid sequence in the middle region of the 37 amino acid intracellular domain (R 469 -R 485 ) has been identified as the functionally relevant G i activator sequence. In these experiments amino acids R 469 -R 485 were shown to be involved in the activation of Gα i1 and Gα i2 , which inhibited adenylyl cyclase and activated PLC (Zhou & Murthy, 2003) . The role of amino acids R 469 -R 485 of NPR-C in activating G i proteins was confirmed by mutating specific amino acids in this sequence and then examining the ability of the NPR-C-selective agonist, cANF, to inhibit adenylyl cyclase or activate PLC in COS-1 cells expressing the mutant receptors. Substitution of both NH 2 -terminal arginine residues (R469L and R470L) abolished PLCβ activity and significantly decreased the inhibition of adenylyl cyclase by approximately 30% (compared to the wild-type NPR-C receptor) in the presence of cANF. NPR-C) and completely abolished by the R485L mutation. Based on these results it is suggested that the 17 amino acid sequence R 469 -R 485 is the functionally relevant G i activator region of NPR-C.
In summary, a series of elegant studies from a number of laboratories have made use of selective pharmacological agents, as well as biochemical and molecular techniques to clearly demonstrate the ability of NPs to activate G i proteins via NPR-C receptor-mediated signalling. NPR-C contains a specific G i -activator domain (R 469 -R 485 ). This is essential for the activation of G i and the subsequent inhibition of adenylyl cyclase activity (via the α subunit) as well as for the stimulation of PLCβ signalling (via the βγ subunits).
The role of NPR-C signalling in cardiac myocytes
The elucidation of the biochemical and signalling pathways modulated by NPR-C (many of which were characterized in cardiac tissue as described above) provided a basis for our studies of the electrophysiological effects of NPR-C in the heart. Application of CNP (10 −8 m) to enzymatically isolated bullfrog atrial myocytes significantly shortened the action potential and reduced the peak amplitude following pretreatment with isoproterenol (ISO) (Rose et al. 2003) . Voltage-clamp studies investigating the ionic mechanism for this effect first revealed the ability of CNP, as well as the NPR-C agonist cANF, to significantly inhibit L-type Ca 2+ current (I Ca,L ). This effect is selective as there was no change in the inward rectifier K + current in these cells. Additional evidence for the role of NPR-C in this inhibition of I Ca,L was provided by applying HS-142-1, a selective antagonist of the guanylyl cyclase-linked NPR-A and NPR-B receptors (Matsuda & Morishita, 1993; Matsuda, 1997) . CNP inhibited I Ca,L by approximately 50% in the presence of HS-142-1. HS-142-1 removes the ability of NPs to increase cGMP levels, thus the CNP effects on I Ca,L are mediated by NPR-C. This effect on I Ca,L is also present in the working myocardium of mammalian hearts, where CNP and cANF potently reduced ISO-stimulated I Ca,L amplitude in mouse ventricular myocytes (Figs 2 and 3) .
Subsequently, in an effort to define the role of NPs in cardiac pacemaker mechanisms, the effects of CNP and NPR-C signalling were explored in the mouse sinoatrial node (SAN) (Rose et al. 2004) . Isolated myocytes from the SAN express several cAMP-sensitive currents, including I Ca,L and the hyperpolarization-activated current I f (DiFrancesco, 1993; Accili et al. 2002) . Somewhat surprisingly, CNP and cANF inhibited I Ca,L by about 50%, but had no significant effect on I f . Application of a synthetic 'G i -activator peptide' consisting of the 17 amino acid sequence from NPR-C that stimulates G i (R 469 -R 485 ) mimicked the effect of CNP and cANF on I Ca,L . Although I f was not altered by CNP, it was decreased by application of acetylcholine as expected from previous publications (DiFrancesco & Tromba, 1988a,b) . This result confirmed that I f was modulated by cAMP levels in these SAN myocytes while also demonstrating that this conductance is insensitive to CNP or cANF. These results suggest that the adenylyl cyclase enzymes and/or intracellular cAMP pools that are modulated by the NPR-C receptor may be compartmentalized in the mouse SAN. Compartmentation of cAMP (the process whereby different hormones activate distinct pools of cAMP) is known to occur in ventricular myocytes (Bers & Ziolo, 2001; Steinberg & Brunton, 2001; Kerfant et al. 2006) and is thought to be due, at least in part, to the actions and/or locations of key intracellular molecules including phosphodiesterases, phosphatases and anchoring proteins for protein kinase A (AKAPs) (Bauman & Scott, 2002; Georget et al. 2003; Wong & Scott, 2004) CNP-NPR-C effects are compartmentalized in mouse SAN myocytes is not clear and will require further investigation.
To determine if this NPR-C-mediated selective inhibition of I Ca,L in SAN myocytes had an effect on heart rate, cANF was applied to Langendorff-perfused mouse hearts (Rose et al. 2004) . Electrocardiograms (ECGs) were measured in control conditions, during pretreatment with ISO, and following the application of cANF. As expected, ISO decreased R-R intervals on the ECG (which corresponds to an increase in heart rate). This effect was strongly attenuated by cANF, indicating that NPR-C can mediate this reduction in heart rate. In addition to decreasing heart rate, cANF also significantly increased the P-R interval of the ECG, suggesting that conduction is slowed within the atrioventricular conduction system following the activation of NPR-C. These data are consistent with other studies demonstrating a key role for L-type Ca 2+ channels in the intrinsic regulation of SAN pacemaker function and the determination of heart rate (Zhang et al. 2002; Mangoni et al. 2003) .
Role of NPR-C signalling in cardiac fibroblasts
In the mammalian heart fibroblasts comprise roughly 90% of the non-myocyte cell population. Fibroblasts are responsible for the synthesis and secretion of the extracellular matrix proteins collagen (types I and II) and matrix metalloproteinases, as well as various hormonal factors (Brilla & Maisch, 1994; Brilla et al. 1995; Baudino et al. 2006) . Cardiac fibroblasts secrete NPs, including BNP and CNP, and express all three NP receptors (Tsuruda et al. 2002; Horio et al. 2003; Huntley et al. 2006) . NPs have been shown to act as paracrine factors that exert antifibrotic and antiproliferative effects on cardiac fibroblasts (Tsuruda et al. 2002; Horio et al. 2003; Kapoun et al. 2004; Kawakami et al. 2004; Huntley et al. 2006) . These effects may be of particular importance during pathophysiological conditions that result in abnormal cardiac fibrosis, which is characterized by the inappropriate proliferation of fibroblasts and increased deposition of collagen that results in increased myocardial stiffness and diastolic dysfunction (Brilla & Maisch, 1994) .
Although some of the antifibrotic effects of NPs are attributed to the NPR-A and NPR-B receptors, recent studies have begun to elucidate a role for NPR-C as well. Specifically, BNP has been shown to exert an antiproliferative action on human fibroblasts based on a BrdU cell proliferation assay (Huntley et al. 2006 ). This effect was not affected by application of HS-142-1 (which blocks the NPR-A and NPR-B receptors), but was antagonized by application of cANF, suggesting a distinct role for NPR-C in the regulation of fibroblast proliferation. NPR-C has also been implicated in antiproliferative processes in other cell types such as smooth muscle cells (Cahill & Hassid, 1994) and glia (Levin & Frank, 1991) .
Relatively little is known about the electrophysiological properties of cardiac fibroblasts, but they do express a number of ion channels and are known to display oscillations in membrane potential termed 'mechanically induced potentials' (reviewed in Baudino et al. 2006) . The electrophysiological effects of CNP on acutely isolated adult rat ventricular fibroblasts have been examined (Rose et al. 2007 weakly outwardly rectifying non-selective cation current, which has an apparent reversal potential near 0 mV (Fig. 4) . This cANF-activated current was antagonized by several compounds including Gd 3+ , SKF 96365 and 2-aminoethoxydiphenyl borate (2-APB), indicating the possible involvement of transient receptor potential (TRP) channels. RT-PCR on these acutely isolated fibroblasts revealed the expression of several TRP channel transcripts from the TRPC, TRPM and TRPV subfamilies. Additional electrophysiological studies demonstrated that the cANF-activated current was abolished by pretreatment with PT and blocked by the PLC antagonist U73122. Finally, the effects of cANF were mimicked by intracellular application of 1-oleyl-2-acetyl-sn-glycerol (OAG), independently of protein kinase C activity, which is a defining characteristic of specific members of the TRPC family of ion channels, including TRPC2, 3, 6 and 7 (Hofmann et al. 1999; Lucas et al. 2003; Zufall et al. 2005) . In summary, these data demonstrate that CNP, acting via the NPR-C receptor and the activation of G i , stimulates a non-selective cation current in cardiac fibroblasts that is partially carried by TRPC channels (summarized in Fig. 3 ).
The precise identity of the TRPC channel(s) modulated by CNP remains to be determined. The lack of specific pharmacological tools is a major limitation to the study of these channels in native tissues (Clapham et al. 2001; Clapham, 2003) ; therefore, molecular interventions such as RNA interference may be necessary to more definitively determine the molecular identity of the TRP channels involved in this response. The functional implications of the activation of a non-selective cation conductance by CNP-NPR-C also require further investigation. Cardiac fibroblasts are non-excitable cells that do not appear to express time-and voltage-gated cation currents such as I Na or I Ca (Rose et al. 2007) ; therefore, TRP channels may be key regulators of the secretory state of this important paracrine cell and could potentially be involved in the antifibrotic/antiproliferative effects of NPs in the heart. Also, fibroblasts are known to couple to atrial and ventricular myocytes through well-defined connexin-mediated mechanisms. The resulting electrotonic influences could have important implications on the electrophysiology of the working myocardium (Baudino et al. 2006; Chilton et al. 2007; MacCannell et al. 2007) . Therefore, in addition to the direct electrophysiological effects of CNP-NPR-C on cardiomyocytes (discussed in previous section), it is possible that there could be indirect effects on myocyte electrical activity via electrotonic coupling to cardiac fibroblasts/myofibroblasts (Gaudesius et al. 2003) .
The role of NPR-C signalling in EDHF responses in the vasculature
NPs are highly expressed in vascular endothelial cells and NPRs are located on the adjacent vascular smooth muscle cells. Furthermore, CNP is a potent vasodilator of blood vessels in humans (Wiley & Davenport, 2001) , rats (Drewett et al. 1995; Brunner & Wolkart, 2001) , dogs , mice (Madhani et al. 2003; Steinmetz et al. 2004 ) and pigs (Barber et al. 1998) . It is well known that acetylcholine can cause smooth muscle hyperpolarization and vasodilatation by stimulating the release of an endothelium-dependent factor that functions independently of nitric oxide and prostacyclins (Cohen & Vanhoutte, 1995; Cohen, 2005) . For more than two decades investigators have sought to identify this so-called endothelium-derived hyperpolarizing factor (EDHF).
Because CNP is stored in endothelial cells and causes vasorelaxation by hyperpolarization of smooth muscle cells it is an interesting candidate molecule for this elusive EDHF. In a study of rat mesenteric arteries, a direct comparison was made between the vasorelaxant activity of EDHF (elicited by the administration of acetylcholine) and CNP (Chauhan et al. 2003) . These experiments were done in the presence of l-NAME and indomethacin to block the actions of nitric oxide and prostacyclins, respectively, and to ensure that only EDHF-dependent relaxations were being investigated. Under these experimental conditions, acetylcholine and CNP produced identical hyperpolarizations of mesenteric vascular smooth muscle. Both responses were reduced by pharmacological inhibitors known to antagonize EDHF activity. These effects of CNP (and acetylcholine) were also attenuated by PT, which strongly implicated mediation by G i and suggested the involvement of NPR-C. Importantly, the effects of CNP were not affected by endothelial denudation indicating that CNP is acting directly on the smooth muscle cells. The specific role of NPR-C in mediating smooth muscle relaxation was further supported by the finding that the effect was not altered by the NPR-A and NPR-B antagonist HS-142-1, but was mimicked by cANF. The effects of CNP, cANF and acetylcholine on smooth muscle relaxation were also antagonized by application of a putative K + channel blocker, tertiapin. It was concluded that CNP can act as an EDHF by binding to NPR-C, stimulating G i , and activating a K + conductance (of the GIRK family of channels) following agonist-stimulated release of the βγ subunits of the G proteins (Fig. 5) . Activation of this K + conductance would lead to hyperpolarization and relaxation of vascular smooth muscle cells. An important result from this study was the finding that acetylcholine can stimulate the release of CNP from the vascular endothelium (Chauhan et al. 2003) . The acetylcholine-elicited EDHF response was associated with this release of CNP suggesting that CNP may be a physiologically relevant EDHF. Most recently, the roles of CNP and NPR-C in EDHF responses in mesenteric arteries were substantiated functionally with the demonstration that the selective NPR-C antagonist M372049 blocked the vasorelaxant activity of CNP (Villar et al. 2007 ). The role of CNP (and NPR-C) as an EDHF has also been evaluated in the coronary circulation (Hobbs et al. 2004) . In this study, CNP and cANF elicited very similar dose-dependent decreases in coronary perfusion pressure in Langendorff-perfused rat hearts. The effect was antagonized by a combination of Ba 2+ and ouabain as well as by the application of the NPR-C antagonist M372049 (Veale et al. 2000) , which supports the hypothesis of CNP acting as an EDHF via the NPR-C receptor.
Despite these interesting new findings which suggest that CNP, acting via the NPR-C receptor, can act as an EDHF molecule, important questions remain unanswered (Sandow & Tare, 2007) . Although the pathway described for CNP-NPR-C in the EDHF response (Fig. 5 ) appears consistent in mesenteric and coronary arteries, similar measurements from other vessels do not yield the same pattern of results. For example, the rat aorta does display a relaxant response to CNP (and ANP); however, this response is not altered by application of the NPR-C antagonist M372049 (Villar et al. 2007) . Similarly, a recent study investigating CNP effects in guinea pig carotid arteries (a common model used to study EDHF responses) concludes that CNP does not contribute to EDHF responses in this vessel (Leuranguer et al. 2007) . These data indicate that the role of CNP as an EDHF may be vessel-specific. Also, it is proposed that CNP elicits its hyperpolarizing effect by activating an inwardly rectifying K + current from the GIRK family in vascular smooth muscle cells. Definitive evidence for this is still lacking; therefore, patch-clamp and molecular studies on isolated vascular smooth cells are necessary to confirm this hypothesis. Such isolated cell studies could confirm the expression of NPR-C on vascular smooth muscle cells and identify the specific ionic conductance involved in the NPR-C-mediated effect.
The work of Hobbs and colleagues has also demonstrated that NPR-C signalling can protect against ischaemia/reperfusion injury (Hobbs et al. 2004) . Hearts were pretreated with CNP or cANF (or a vehicle control), and then subjected to global ischaemia for 25 min. This was followed by 120 min of reperfusion. In some experiments CNP was not administered until the time of reperfusion. Hearts were then examined for the development of zones of infarcted tissue. In the presence of CNP or cANF, coronary perfusion pressure and left ventricular diastolic pressure were maintained at pre-ischaemic levels. In addition, the size of the infarct produced by the ischaemia/reperfusion experimental compound. Note that both the inward and outward currents activate slowly, reaching a steady state in approximately 4-5 min. C and D, cANF (2 × 10 −8 M) mimics the effect of CNP on isolated rat cardiac fibroblasts. E, summary of the effects of CNP and cANF on cardiac fibroblasts (mean ± S.E.M., n values indicated in parentheses). Black bars denote control data, shaded bars depict results following the application of the indicated compound. * The value in the presence of CNP or cANF is significantly different from control. The effects of CNP and cANF were indistinguishable, which strongly suggests that the CNP effect is mediated by the NPR-C receptor. The working hypothesis is that CNP is released from endothelial cells and then binds to NPR-C on vascular smooth muscle cells. βγ subunits of the G i protein are then released and activate an inwardly rectifying K + channel of the GIRK family. The K + efflux hyperpolarizes the cell and elicits a relaxation response. See text for additional details.
event was reduced by up to 50% in CNP and cANF treated animals. This pattern of results suggests that CNP may prove to be an effective post-ischaemia agent to rescue the injured heart.
Other signalling cascades associated with NPR-C have also been shown to be present in vascular smooth muscle cells. For example, cANF both inhibits adenylyl cyclase activity and stimulates PLC activity in cultured smooth muscle cells. It has been suggested that there is cross-talk between these two pathways (Mouawad et al. 2004) . Recently, cANF and synthetic NPR-C G i -activator peptides have been found to inhibit vascular smooth muscle cell proliferation and smooth muscle cell hypertrophy via pathways involving MAP kinase and phosphatidylinositol 3-kinase Li et al. 2006) .
The conclusions on the role of NPR-C in mediating the effects of NPs in the heart and vasculature described in the previous sections depend on the selectivity and effectiveness of the pharmacological compounds used to activate or antagonize specific NPRs. These findings would be strengthened by demonstrating the loss of these effects in mice in which NPR-C has been genetically ablated. A whole-body NPR-C knockout mouse has been generated (Matsukawa et al. 1999) . This mouse displays profound skeletal abnormalities, consistent with a role for NPs in bone formation, and about 50% of the homozygous knockouts die before weaning. It would be useful to examine NP effects in these NPR-C knockout mice in the context of the above studies; however, due to the profound effects of whole-body NPR-C deletion, it may be necessary to generate tissue-specific NPR-C knockouts to properly assess the role of NPR-C in the heart and vasculature.
Significance of NPR-C signalling in the cardiovascular system NP levels in the circulation are significantly increased in several pathological states including heart failure and myocardial ischaemia (Wei et al. 1993; Baxter, 2004; Richards, 2004) . Under these conditions sustained myocardial stretch leads to the up-regulation of peptide synthesis so that both tissue and circulating levels of NPs increase significantly. This increased production and release of NPs is an important compensatory response as demonstrated in studies of experimental models of heart failure. For example, preventing the secretion of ANP or antagonizing its receptors significantly enhances the development of heart failure in an animal model of the disease. Similarly, knockout models in which animals lack ANP, BNP or their receptors show much greater loss of cardiac function and increased fibrosis compared to wild-type controls (Wada et al. 1994; Oliver et al. 1997; Tamura et al. 2000) . Infusion of CNP prior to or following an ischaemic event reduces the size of ventricular infarction by up to 50% (Hobbs et al. 2004 ). This cardioprotective effect may be the result of increased coronary dilation, an inhibition of I Ca,L and a reduction in heart rate (Hobbs et al. 2004; Rose et al. 2004 ). These CNP effects, which are mediated by the NPR-C receptor, may significantly increase myocardial perfusion (Scotland et al. 2005 ) and optimize metabolism due to the coincident bradycardia.
These changes in NP expression and secretion in the setting of cardiovascular disease have resulted in the use of assays for BNP production in determining the prognosis of patients with heart failure (Richards, 2004 ). These data demonstrate that patients diagnosed with heart failure have a strong association between elevated levels of plasma BNP and the risk of mortality (Cheng et al. 2001; Koglin et al. 2001) . Furthermore, in randomized controlled trials of β blocker therapy in heart failure, plasma BNP has been shown to be a predictor of the probability of mortality, recurrent heart failure, and the likelihood of effective responses to therapy (Richards et al. 1999) .
Based on the ability of NPs to elicit vasodilatation, natriuresis and antifibrotic effects, clinical trials have begun to examine the effects of administration of BNP to heart failure patients (Mills et al. 1999; Colucci et al. 2000; Strain, 2004) . These studies have demonstrated that BNP infusion at a dose of approximately 0.01 μg kg −1 min −1
can reduce pulmonary capillary wedge pressure, cause vasodilatation and increase cardiac output. This results in the reduction or cessation of parenteral therapy as effectively and safely as conventional drug treatments such as dobutamine. Partly on this basis, human recombinant BNP (a synthetic form of the peptide known as 'Nesiritide') has been approved as a treatment for patients with decompensated heart failure in the United States (Richards, 2004) . Nevertheless, many questions remained unanswered regarding the clinical applications of NPs (Carrillo-Jimenez et al. 2007; Sackner-Bernstein & Aaronson, 2007) . It is anticipated that as our understanding of the roles of NPR-C (as well as NPR-A and NPR-B) in the cardiovascular system develop the clinical uses for NPs may be refined and improved.
In conclusion, the intracellular signalling cascades that are modulated by the NPR-C receptor have been the focus of a number of recent studies using cardiovascular tissues and cells. Although it was once denoted as a clearance receptor with no known signalling function it is now clear that NPR-C is functionally linked to an inhibitory G protein, G i . The α subunit of this G i protein inhibits adenylyl cyclase activity and lowers intracellular cAMP while the βγ subunits activate PLCβ in the heart and vasculature (as well as in other tissues outside the cardiovascular system). It is expected that new roles and functional implications for NPR-C signalling will continue to be elucidated. As many tissues express NPR-C as well as the guanylyl cyclase-linked NPR-A and NPR-B receptors it now seems prudent to begin questioning how these two kinds of receptors work in concert to regulate the physiology of the organism and to recognize that NPR-C has functional significance in addition to its classical clearance receptor role.
